Fluorescent nanodiamonds (NDs) are crystaldefect-based light-emitting nanoparticles that can be applied to quantum information science and quantum sensing. Of particular interest are nitrogen vacancy (NV) centers that allow optical access to their coherently controllable electron spin systems, leading to spin-photon quantum devices and nanoscale sensing of various physical parameters. However, the NV spin coherence time (T 2 ) in NDs has been limited to one or two orders of magnitude shorter than those in bulk diamonds owing to the complicated surface effect that decoheres the NV spin systems. Here, we study the relation between the surface properties and T 2 of single NV centers in NDs by systematically analyzing the effect of surface oxidation. We apply aerobic and acidic oxidation methods with various heating temperatures and processing times and find that aerobic oxidation most effectively oxidizes the surface and extends T 2 by a factor of 1.6 to the original NDs. The ND-size dependence of T 2 clearly shows that the surface oxidation removes a constant decoherence contribution irrespective of the ND size and that a new surfacederived decoherence source emerges when the ND size reduces below 50 nm. The present results provide quantitative information on the decoherence sources of NV spin systems of NDs and will enable a strategic surface modification for better spin manipulations of NV centers in the context of quantum information science and nanoscale quantum sensing.
Introduction
Fluorescent nanodiamonds (NDs) are crystaldefect-based light-emitting nanoparticles that can be used for applications in quantum information science and quantum nanoscale sensing. Of particular interest are nitrogen vacancy (NV) centers, which allow optical access to coherently controllable electron spin systems, leading to spin-photon quantum devices [1] [2] [3] [4] [5] [6] and nanoscale sensing of various physical parameters. [7] [8] [9] [10] [11] [12] The electron spin properties of NV centers are the key to a better performance of these applications. In particular, the electron spin coherence time (T 2 ) limits the spin memory time in quantum devices and the sensitivity of quantum sensing. There has been a signifi-cant effort to extend T 2 in both bulk diamonds and NDs. [13] [14] [15] [16] [17] [18] [19] [20] [21] However, T 2 in NDs is one or two orders of magnitude shorter than those in bulk diamonds because of the complicated surface effects, whose exact decoherence mechanism has not been clarified. 16, 19, 22, 23 Thus, it is important to understand the surface effects in more detail to achieve an extended T 2 in NDs.
Surface effects are a composite of various decoherence sources and have not been fully understood, particularly in NDs, where surface inhomogeneity exists. In case of bulk diamonds, surface oxidation effectively extends T 2 of NV centers.; Ohashi et al. reported that oxygen termination by using a strong acid mixture significantly extends T 2 of NV centers located near the surface of high-purity bulk diamonds compared to hydrogen or fluorine termination. 17 Surface oxidation has been historically explored for NDs to clean the surface by removing sp 2 -like carbon soot generated during the milling process. Strong acid mixtures were used because the whole process was completed in the wet process, which is important for preserving a uniform dispersion of NDs. 16, 18, [24] [25] [26] Later, aerobic oxidation was applied as a more efficient oxidizing technique for NDs. 27 While acidic oxidation is enough to oxidize the surface of bulk diamonds in terms of T 2 extension, aerobic oxidation seems necessary for NDs to completely oxidize the surface and extend T 2 .
24,28-30
The importance of aerobic oxidation is related to the surface inhomogeneity that NDs comprehend. For example, during the milling process of original bulk diamonds, the ND surface gets covered with a significant amount of carbon soot; such sp 2 -like materials turn the ND powder color from yellow to black. 24 In addition, the surface termination of NDs cannot be defined simply as it can be for bulk diamonds, where X-ray photo-emission spectroscopy (XPS) determines even the surface coverage ratio of various oxygen terminals such as ester, carbonyl, and carboxyl. 31, 32 This surface inhomogeneity must be quantitatively understood to extend T 2 in NDs. Statistical approaches examining the number of ND particles are required for obtaining the clear surface-T 2 relation undermined by surface inhomogeneity.
It is important to quantitatively determine the surface-T 2 relation of NDs, particularly in relation to surface oxidation.
Here, we quantitatively study the effect of oxidation on T 2 of single NV centers in NDs. Aerobic and acidic oxidations with various processing parameters are applied to NDs and their surfaces are characterized by surface-sensitive spectroscopies. By measuring the statistical data of T 2 for the respective ND samples, we find that aerobic oxidation most effectively oxidizes the surface and extends T 2 by a factor of 1.6 to the original NDs. Moreover, the ND-size dependence of T 2 for the aerobically oxidized NDs clearly shows that the surface oxidation removes a constant decoherence contribution irrespective of the ND size and that a new surfacederived decoherence source emerges when the ND size reduces below 50 nm. The present results provide quantitative information on the decoherence sources of the NV spin systems of NDs and will enable a strategic surface modification of NDs toward better spin manipulations of NV centers in the context of quantum information science and nanoscale quantum sensing.
Results and Discussion

Surface oxidation and etching of NDs
We prepare multiple sets of NDs oxidized by aerobic or acidic oxidation with different temperatures and processing times ( Fig. 1a and see Methods). These NDs are spin-coated on cleaned coverslips for the size characterization using an atomic force microscope (AFM) (Fig. 1b and Fig. S1 ). Figures 1c-h show their particle size distributions; as-received (hereafter designated as 1), acidic oxidation for 6 and 24 h (2a, 2b), and aerobic oxidation at 450
• C for 1 h, aerobic oxidation at 550
• C for 1 h and 2 h (3a, 3b, 3c), respectively. The log-normal fitting gives the mean particle sizes of 29.6, 25.3, 21.4, 25.1, 24.7, and 22.9 nm, respectively, for Figs. 1c-h (see Table S1 for the detail). The ND size decreases as the processing time increases both in the aerobic and acidic oxidations. For • C for 1 h (3a), (g) aerobic oxidation at 550
• C for 1 h (3b), and (h) aerobic oxidation at 550
• C for 2 h (3c). The solid lines indicate the log-normal fitting to the data. The mean particle sizes based on the fitting are shown in each figure. aerobic oxidation, 550
• C more rapidly etches the NDs than 450
• C, which is in accordance with previous reports (3a, 3c).
14,24,27
The etching rates obtained by aerobic oxidation do not show a significant differences among the processing temperature, 4.5, 4.9, and 3.4 nm/h for 3a, 3b, and 3c, respectively, which are consistent with previous reports on ND oxidation (4 ± 1 nm/h at 550
29 Acidic oxidation also etches the NDs with an etching rate of 0.7 nm/h and 0.3 nm/h for 6 and 24 h (2a, 2b), respectively. We confirmed that too intense oxidation, such as aerobic oxidation at 550
• C for 6 h or acidic oxidation for 72 h, significantly reduced the number of NV centers in the following optically detected magnetic resonance (ODMR) experiments owing to hard etching. 14, 29 Therefore, we focus on the oxidation range in which we can find enough number of NV centers for obtaining the statistical values of T 2 in this study.
Surface characterization
We next characterize the surface properties of these ND samples using Raman spectroscopy, XPS, and Fourier-transform infrared spectroscopy (FTIR), which can provide detailed information of the surface. Figure 2a shows Raman spectra of the ND samples excited at 325 nm, which is resonant to band-to-band transition. A sharp peak observed at 1333 cm −1 is the symmetric stretching mode of the C-C bond of the diamond lattice structure (socalled diamond line) and a broad peak observed at around 1600 cm −1 is the G band of the surface graphitic layers (sp 2 -like) of ND particles . 24, 28, [33] [34] [35] [36] The intensity ratio of the diamond line and G band (I D /I G ) is shown in Fig. 2b . The aerobic oxidation at 550
• C decreases the G band and intensifies the diamond line (3b, 3c), resulting in an increase in I D /I G . At 550
• C, the G band is completely removed already for the duration of 1 h (3b) and no significant change is observed for the further oxidation up to 2 h (3c) (I D /I G ratio seems to decrease within an error). The heating temperature of 450
• C has a weak effect and the G band 800 1600 2400 3200 4000 remains (3a). In contrast, the acidic oxidation does not seem to remove the graphitic layers with the present temperature of 80
• C (2a, 2b), while the ND size is decreased, as evidenced in the ND size measurements (see Figs. 1g, h ). The processing times of 6 and 24 h for acidic oxidation do not show significant differences in the Raman spectra, while the ND size is substantially decreased for this duration. Further extension of the processing time etches the surface more, which however results in further size reduction of NDs eliminating the presence of NV centers. In fact, we cannot find NV centers for the duration of 72 h in acidic oxidation. These results clearly show the effectiveness of aerobic oxidation in removing the surface graphitic layers of NDs. Figure 2c shows XPS spectra of the ND samples. The prominent peak observed at 284.8 eV is ascribed to 1s of sp 3 C-C bond and observed in all NDs. 37 The NDs with aerobic oxidation at 550
• C (3b, 3c) have peak tails in the higher energy side in the region of 286-288 eV. These tails are convolutions of the oxygenrelated bonding peaks such as ester (C-O), carbonyl (C=O), and carboxyl (COOH); 31, 38 however, the energy difference of these functional groups cannot be detected owing to surface inhomogeneity and we cannot obtain detailed information of surface termination from the XPS data only, which is a striking contrast to bulk diamonds, where even the surface coverage ratio of the functional groups is determined through XPS. Figure 2d shows the FTIR spectra (see Supporting Information for the detailed assignment). A strong peak is observed in the range of 1000-1300 cm −1 , which is ascribed to -C-O-C-stretching vibrations of cyclic ethers. 39 The peaks at 1307 and 1451 cm −1 are attributed to CO bending vibration and asymmetric -CH bending vibration, respectively 40 (2a, 2b). A weak peak appearing at 1627 cm −1 in the NDs with acidic oxidation is owing to the -OH bending vibration. This -OH bending either comes from the carboxyl group (-COOH) of the ND surface or water molecules adsorbed on the sample surface.
34 A peak at 1782 cm
results from the C=O stretching mode and is attributed to the presence of carboxyl.
41
These results of the surface-sensitive spectroscopies show that aerobatic oxidation effectively removes the graphitic layers on the ND surface and performs surface termination with oxygen, while the surface inhomogeneity of NDs prevents the formation of uniform and welldefined surfaces that one can obtain in bulk diamonds.
31
While the aerobic oxidation already exhibited the effectiveness to NDs, the effect of acidic oxidation is not clear at present. Acidic oxidation significantly etches the ND particles (reduces the ND size), as seen in Fig. 1 , however, the surface graphitic layers have not been removed well. The spin coherence of NV centers is also not prolonged by acidic oxidation, as we will see in the following section. Because the etching rate of acidic oxidation is significantly smaller than that of aerobic oxidation and it seems to slow down (0.7 to 0.3 nm/h for 6 to 24 h), the acidic oxidation in the present experiment does not seem to be simply etching the surface and graphitic layers. The detailed chemical-reaction process of ND surface oxidation has been only recently investigated 28 and the processing parameters of the present acidic oxidation needs to be studied in more detail. For example, a much higher temperature, such as 200
• C, is generally used for bulk diamonds and can be effective to the surface oxidation of NDs. [42] [43] [44] However, it is impossible to apply such high temperatures to the present small quantity of ND samples because most of the NDs (and hence NVs) become extinct at this temperature. One may have to use a large portion of ND suspension for such high-temperature acidic oxidation to obtain a substantial amount of NDs for the surface characterization or ODMR measurements.
Effect of surface oxidation on T 2
The electron spin properties of these ND samples are measured with a home-built confocal fluorescence scanning microscope equipped with a microwave excitation system for spin characterization (see Methods and Supporting Information). 45, 46 The NV centers we find in the present NDs are mostly single owing to the low NV density. By choosing only single NV centers out for the ODMR experiments on the basis of antibunching detection in the second-order photon correlation histogram (Fig. 3a) , we determine T 2 of multiple ND particles (N ≥ 20) by sequentially applying CW, Rabi, and spin-echo measurements to either of the spin transitions of |0 → |±1 , as explained in Figs. 3b-e. A weak external magnetic field of ∼ 30 Gauss is applied to separate the two ODMR peaks sufficiently to prevent the mutual interference of the split peaks in the pulsed ODMR measurements. The measured spin-echo profile is fitted with a single exponential decay to determine T 2 (Fig. 3g) . The approximation of the decay profile as a single exponential is validated for short coherence time, as described elsewhere.
15,16,22
The obtained data sets for the number of NDs enable us to quantitatively study the relation between T 2 and the surface oxidation covered under the ND's intrinsic surface inhomogeneity.
Figures 4a-e show statistical histograms of T 2 of the ND samples, 1, 2a, 3a, 3b, and 3c, respectively. Table 1 µs with a longest T 2 of 4.7 µs. The aerobically oxidized NDs show the medians of 1.9 µs, 2.4 µs, and 2.3 µs for the ND samples, 3a, 3b, and 3c, respectively. The longest T 2 for aerobic oxidation is found in 3c. The median T 2 is increased by a factor of 1.71 for the 1-h aero- bic oxidation (3b) and a factor of 1.64 for the 2-h aerobic oxidation (3c), compared to the asreceived NDs (1). In contrast, the 2a NDs do not show any changes in T 2 compared to the 1 NDs, indicating the ineffectiveness of acidic oxidation with the present processing parameters. These results show that surface oxidation is almost completed for an hour of the aerobic oxidation at 550
• C and the 6-h acidic oxidation does not increase T 2 significantly, which is con- Note that the measured T 2 depends on the angle between the NV axis and the microwave magnetic field polarization, whereas the present experimental setup does not compensate this angle dependence because of the random NV orientations of the NDs on the coverslip.
47,48
Therefore, the present results are the net distribution of T 2 including the uncertainty of the orientation differences. However, the angle dependence equally influences all samples and does not affect the following discussion.
Detailed analysis of decoherence sources of NDs
To obtain further insight into the effect of surface oxidation on T 2 , we measure the ND-size dependence of T 2 for as-received and aerobic oxidation at 550
• C for 1 h. Specifically, the ND sizes of 50 and 90 nm samples are aerobically oxidized at 550
• C for an hour and measured to obtain the mean T 2 in comparison with the asreceived ND samples. Figure 5a shows a dependence of T 2 on the ND size for the two different surface NDs. Interestingly, T 2 is increased more significantly in the larger ND samples. While surface oxidation would have more impact on smaller NDs owing to the small distance between the surface and NV centers, the aerobic oxidation seems to more significantly improve T 2 in the larger ND samples.
This tendency can be understood by analyzing their decoherence sources. The observed decoherence rates are the sum of all possible decoherence contributions, which we describe here as
where Γ N , Γ Ox , and Γ Surf are the decoherence contributions from nearby N-impurity centers, the sources removed by the aerobic oxidation, and other decoherence sources on the surface, respectively. Figure 5b shows a plot of the decoherence rates (T
−1
2 ) as a function of ND size with visualization of the amount of the above three decoherence sources. Γ N only depends on the nitro-gen concentration of the diamonds (red shaded area) and not on the size. We set Γ N = 0.15 µs −1 or 0.2 µs −1 by referring to the previous reports using bulk diamonds with similar nitrogen impurity concentrations (see Table S2 for the summary of the previously reported T 2 ).
49-51
Γ Ox is the one we have removed by surface oxidation (yellow area), which results in a difference of T 2 between the as-received and surface oxidized samples. The remaining contribution is Γ Surf that are all other decoherence sources created during the morphology transitions from bulk to NDs.
Importantly, we find that Γ Ox does not de- • C for 1 h. Γ N , Γ Ox , and Γ Surf are the decoherence contributions from nearby P 1 centers, the sources removed by aerobic oxidation, and other sources intrinsic to NDs, respectively. pend on ND size and has a significant influence even on the 200-nm ND samples. In case of bulk diamonds, the spin properties are not affected as long as the NV center is deeper than 70 nm, 52 and only very shallow NV centers (for example 5 nm) show strong dependency on surface termination. 17 Assuming ND morphology as a sphere and NV distribution to be random in the NDs, the NV-surface distance is half of the ND size at the longest. Surface oxidation, therefore, is not expected to influence the large ND sample of 90 nm, significantly. The present observation of the constant influence of Γ Ox irrespective of the ND size is a new important knowledge toward realizing an extended T 2 in NDs.
A second important finding of the present experiment is that Γ Surf is the one showing a strong size-dependence of T 2 of NV centers in NDs. This size-dependence can be understood by considering the interactions between the NV spin and surface spins that provide d 0 to the data in Fig. 5b indeed shows a good agreement.The remaining offset contribution of Γ surf come from other surface decoherence sources, such as the carboxyl terminate recently found as a decoherence source. 55 Further detailed analysis on the surface decoherence sources can help the ND-NV T 2 to reach the Γ N limit, which may be the previous case for Type-IIa CVD-grown NDs with a size of 50-150 nm, for example (see Table S2 ).
18
These findings are particularly important for quantum nanoscale sensing when choosing an appropriate ND size for sensing applications. For example, NDs used for quantum thermometry do not require a very small size like single digit nanometers because the spatial resolution of temperature is mainly limited by diffusion, and hence, the ND size of 50-100 nm may be better for the thermometry applications to maximally harness the long T 2 . This size range also fits the basic mechanism of cellular uptake of nanoparticles, such as clathrinmediated endocytosis. 56 In contrast, the magnetometry application requires a very small ND size with long T 2 to obtain the high sensitivity of magnetic sensing, which is more challenging to achieve without understanding the origin of Γ Surf .
Note that determining Γ N of the present ND samples is a great challenge and is yet to be achieved. The original bulk material of the as-received NDs has a size of ∼ 300 µm (MSY60/80, Microdiamant), and we attempt to measure T 2 of these micro-crystals (see Fig. S6 ). However, it was impossible to measure any pulsed ODMR signal most probably because of very short spin coherence time owing to the strong interactions between nearby spin decoherence sources such as nearby NV centers and N-impurity centers. In fact, the CW-ODMR spectra of these microcrystals are significantly broadened, while the NV centers in their single nanoparticles can allow pulsed ODMR signals because other noise sources vanish owing to the down-sizing. The reported T 2 values of ensemble NV centers in Type-Ib bulk diamonds (with similar nitrogen impurity of ∼ 100 ppm) in the literature show a broad range of 1-7 µs. Among them, we take 6.7 µs and 5 µs as the most probable limit for the measurement data presented in Fig. 5b .
At present, we cannot experimentally clarify the sources of Γ Surf . A possible approach to investigate the mechanism is using a noise spectroscopy of the surface-induced decoherence of NV centers in NDs that can characterize the noise species on the diamond surface, as demonstrated for shallow NV centers near the bulk diamond surface. 44, 57 Applying hydrogen termination to the surface-oxidized ND surface can become a starting point of such noise spectroscopy, because the hydrogen termination gives a characteristic and simple FTIR spectra, thereby defining the surface properties. 58 The hydrogen-terminated surface can be then converted to oxygen termination (by either aerobic or acidic oxidation). The complicated signatures of the surface oxidation in FTIR spectra owing to the various functional groups (ester, carbonyl, carboxyl, and hydroxide) can be readily understood in comparison with hydrogen termination. Such detailed study on the relation between NV decoherence and surface properties is necessary for the further extension of T 2 in small NDs.
Conclusions
In conclusion, we studied the effects of ND surface properties to extend T 2 of single NV centers in Type-Ib NDs by systematically analyzing the relation between T 2 and the surface properties for aerobic and acidic oxidations. By employing the statistical approach, we found that aerobic oxidation most effectively oxidized the surface and extended T 2 by a factor of 1.6 to the original NDs. The ND-size dependence of T 2 clearly showed that surface oxidation removes a constant decoherence contribution irrespective of the ND size in the present ND size range and that the new surface-derived decoherence source emerges when the ND size reduces below 50 nm. The present results provide quantitative information on the decoherence sources of the NV spin systems in NDs and will enable a strategic surface modification toward better spin manipulations of NV centers in the context of quantum information science and nanoscale quantum sensing.
Methods
Sample preparation
We used commercially available NDs (Microdiamant, MSY 0-0.05, Type Ib, HPHT) as a starting material. These NDs are a complex mixtures of diamond and graphitic carbons, and thus, are black. The NDs were centrifuged, and the supernatant was replaced with pure water to reduce sp 2 -like materials that showed background fluorescence. We repeated this washing process five times to purify the NDs. The purified NDs were sonicated for an hour to obtain colloidal dispersions (asreceived). We oxidized the ND surface by aer-obic annealing or solution-based acid cleaning. For aerobic annealing, the as-received NDs were drop-casted on glass substrates and completely dried. They were heated in an oven at 550
• C under the atmospheric pressure of air. The annealed ND powders were re-dispersed in distilled water. For acid-cleaning, the as-received NDs were processed in a mixture of sulfuric (98 %), nitric (97 %), and perchloric (60 %) acids (volume ratio 1:1:1) at 90
• C, followed by a base wash with 0.1-M NaOH and 0.1-M HCl. The NDs were rinsed five times with distilled water. The resultant ND dispersion turned white, indicating the removal of the graphite layers. Polyvinyl alcohol was added to ND dispersion and sonicated for 5 min to create a uniform film in the spin-coating process. A small droplet of the dispersion was spin-coated to cleaned coverslips. The topographies of the spin-coated samples were obtained using an AFM (Bruker AFM). These data were used to obtain the particle height distributions by taking the particle height as the particle size because only the vertical information provides the correct particle size owing to the effect of the cantilever size.
Surface characterizations
We analyzed the ND surface through Raman spectroscopy, (XPS), and (FTIR). The ND dispersions were drop-casted and dried on silicon wafers for the Raman and XPS measurements. Raman spectra were measured using the excitation wavelength at 325 nm (HORIBA, LabRAM HR Evolution and Renishaw, InVia Reflex Spectrometer System). XPS was performed with an AlKα spectral line of the XPS spectrometer (JEOL, JPS-9200). Before the XPS measurements, electron gun neutralization was applied to discharge the samples. For the FTIR measurements, the dried powder samples were placed on top of the ZnSe prism of the FTIR-ATR spectrometer (JUSCO, FTIR, ATR) and measured.
ODMR
We used a home-built confocal microscope system that integrates a microwave circuit for the spin control (Fig. S3) . A continuous-wave 532-nm laser was used for the excitation with a typical excitation intensity of ∼ 90 kW/cm 2 for acquiring the scanning image and secondorder photon correlation histograms, which was near the fluorescence saturation laser intensity. An oil-immersion objective (numerical aperture: 1.4) was used for both the excitation and fluorescence collection. NV fluorescence was filtered by a dichroic beam splitter and a long pass filter. The fluorescence was then coupled to an optical fiber having a core diameter of ∼ 10 µm. The fiber-coupled fluorescence was guided into a Hanbury-Brown-Twiss (HBT) setup, which consists of two avalanche photodiodes and a 50:50 beam splitter. For the spectral measurements, the microscope was connected to a fibercoupled spectrometer equipped with a liquidnitrogen-cooled charge-coupled device (CCD) camera. A time-correlated single-photon counting module (PicoQuant, TimeHarp-260) was used to obtain second-order photon correlation histograms to identify single NV centers by measuring the antibunching. Microwaves were generated from a source (Rohde&Schwarz, SMB100A) and amplified by 45 dB (Minicircuit, ZHL-16W-43+). They were then fed to a microwave linear antenna placed on the coverslips. The typical microwave excitation power for the continuous-wave ODMR spectral measurement was 35 dBm (3.2 W) under the impedance mismatching condition. The avalanche photodiode (APD) detection was gated by using a radio-frequency (RF) switch for the microwave ON and OFF triggered by a bit pattern generator (PBESR-PRO-300, Spincore). For the ODMR measurements, the optical excitation intensity was reduced to the range of 10-40 kW/cm 2 to avoid the optical decoherence of the NV spins.
A small magnetic field (∼30 Gauss) was applied to split the magnetic sublevels to the extent that the peaks are well-separated in frequency. We employed Rabi and spin-echo sequences in the pulsed ODMR measurements. The spin-echo sequence determines the spin coherence time (T 2 ). We measured both π/2-π-π/2 and π/2-π-3π/2 sequences and subtracted these signals from each other to cancel the common mode noise in the spin echo measurements. 59 In the measurements of the ND size dependence of T 2 , most of the NV centers found in the 50-nm-sized NDs were single and proceeded to the subsequent ODMR measurements (see Fig. S5 for the scanning image). The 90-nmsized NDs contained several large ND particles (or agglomeration) and showed bright fluorescence. These ND particles did not show ODMR signals. We, therefore, searched relatively dark fluorescence spots, which show photon counts of single or double NV centers, and measured the ODMR signals. Some text to explain the graphic.
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